Potassium is a major nutrient in higher plants, where it plays a role in turgor regulation, charge balance, leaf movement, and protein synthesis. Terrestrial plants are able to sustain growth at micromolar external K+ concentrations, at which K+ uptake across the plasma membrane of root cells must be energized despite the presence of a highly negative membrane potential. However, the mechanism of energization has long remained obscure. Therefore, wholecell mode patch clamping has been applied to root protoplasts from Arabidopsis thaliana to characterize membrane currents resulting from the apliation of micromolar K+. Potassium plays an essential role in many cellular processes in plants, including turgor regulation, charge balance, movement, and protein synthesis (1). Most terrestrial plants are able to sustain growth at widely varying external K+ concentrations ranging from around 10 ,uM to 10 mM.
Potassium plays an essential role in many cellular processes in plants, including turgor regulation, charge balance, movement, and protein synthesis (1) . Most terrestrial plants are able to sustain growth at widely varying external K+ concentrations ranging from around 10 ,uM to 10 mM.
It is a long-standing observation that K+ uptake by plant roots can be described as the sum of two distinct kinetic phases (2) . Though this dual isotherm uptake has been interpreted by some researchers as resulting from root geometry (3) or (sub)cellular phase location (4) and might in principle arise from random ligand binding to a carrier (5) , there is now widespread acceptance ofthe notion that two K+ uptake mechanisms with distinct kinetic parameters reside in parallel on the plasma membrane. Thus the low-affinity pathway (mechanism 2) (2) has the characteristics ofchannelmediated transport: it is often nonsaturable as a function of external K+ concentration, is specifically inhibited by K+ channel blockers, and does not appear to be energized (3, 6) . This pathway comprises the dominant mode of K+ uptake at external K+ concentrations above 0.5-1 mM. By contrast, the high-affminty pathway (mechanism 1) saturates as a function of K+ concentration in the micromolar range and moves K+ into the cytosol against its electrochemical gradient (6).
Mechanism 1 probably comprises the dominant pathway for K+ uptake in most soils, where the K+ concentration does not normally exceed 1 mM (7) . Arrangement of two systems ensures a large flexibility for plants to acquire K+ under conditions where soil free K+ can vary between micromolar and millimolar levels. Nevertheless, the identity of the energetic mechanism for high-affinity K+ uptake in higher plants has not been established, although several mechanisms have been proposed. The presence of H+:K+ antiport (8) would explain the frequently observed potassium proton exchange but would not in itself account for energization since the electrochemical gradient for H+ is directed into the cell. A K+-motive ATPase (9) and K+:H+ symport (10, 11) have also been proposed but direct evidence for either mechanism is lacking. Furthermore, the discovery of Na+-coupled high-affinity K+ uptake in internodal cells of charophyte algae (12) raises the possibility that K+ uptake in plant roots is driven by an ion other than H+. Addition of K+, in micromolar concentrations, to K+-starved roots elicits membrane depolarization and net H+ efflux into the medium (9) . However, attempts to define the energetic relationships ofmechanism 1 K+ uptake on the basis of such data have been thwarted by a number of factors. (i) Inward current flow through the high-affinity K+ uptake system will, to an unknown and probably variable extent, be recirculated in the steady state as an outward current through the dominant primary electrogenic H+ pump at the plasma membrane. (ii) Direct measurement of ionic currents in intact roots is not possible because of intercellular current spread, the extent of which again is unknown. (iii) Direct control of potential intracellular sources of energization (e.g., ATP) is not possible in intact roots. We have therefore adopted a patch clamp approach in which currents elicited by micromolar levels of K+ can be measured in whole cell mode while simultaneously controlling the membrane potential. Analysis of the resultant current/voltage (I/V) relationships is a powerful tool in revealing the mechanism of a transporter (e.g., refs. 13 and 14) . The direction and magnitude of a flux can easily be obtained and kinetic behavior such as saturation is identified by the form of the relationship. Likewise, reversal potentials (E,,v; i.e., the potential at which the flux reverses from inward to outward) hold crucial information on the identity of ionic species associated with the flux and of their respective transport coupling ratios. Furthermore, this approach has the advantage that single cells are used and that experimental control is achieved over intracellular conditions.
MATERIALS AND METHODS
Plant Growth. Seeds of Arabidopsis thaliana (L) cv. Columbia were germinated in soil. After 1 week, seedlings were Abbreviations: I/V, current/voltage; Em, membrane potential; D.,, maximum depolarization; Ere, reversal potential; EK+, potassium equilibrium potential; IKin, inward potassium current; n, stoichiometric coupling ratio. (Fig. 1A) . Typically, the magnitude of the depolarization is a biphasic function of K+ concentration (Fig. 1B) , indicating the presence of both mechanisms 1 and 2. Using potassium-induced depolarizaProc. Natl. Acad. Sci. USA 91 (1994) tion of the membrane potential (Em) as an indicator of K+ uptake yields a remarkably similar concentration dependence to that obtained with flux experiments in whole tissue (e.g., refs. 4 and 16) and clearly shows that the biphasic kinetic behavior is retained independently of the technique used to monitor K+ transport.
In charophyte algae, Na+ coupling of K+ influx provides the driving force for energized K+ uptake. However, in A. thaliana, concurrent addition of equimolar Na+ with K+ resulted in an inhibition of the depolarization, even at micromolar concentrations (results not shown), which appears to rule out the possibility of K+ transport driven by a Na+ symport mechanism. Evaluation of a large number of experiments at millimolar Na+ concentrations actually indicates Na+ blockage of the K+ influx pathway (results not shown).
Below an external K+ concentration of 1 mM, the depolarization can be described by a simple Michaelis-Menten function. For the impalement shown in Fig. 1 Isolated root protoplasts were used in the whole-cell patch clamp configuration. To investigate energized K+ transport, conditions have to be met that prevent K+ flux through ion channels. Fig. 2A depicts whole cell currents of a protoplast with 10 mM K+ on each side of the membrane. Hyperpolarization and depolarization ofthe membrane both evoke large, time-dependent, inward and outward currents, which are carried by inward and outward rectifying ion channels, respectively (17, 18) . Substitution for a K+-free bathing medium eliminates the inward current (Fig. 2B) , thereby generating conditions for the investigation ofhigh-affinity K+ transport.
To obtain the I/V relationship of the high-affinity K+ transporter, contribution of other electrogenic transporters must be removed with a subtraction procedure (19 A definitive test of the ability of the transmembrane pH gradient to drive high-affinity K+ [1] where o and c are, respectively, the external and cytosolic sides, n is the transport coupling ratio, and R, T, and F have their usual meanings. Fig. 4 Fig. 1 ), while the low-affinity mechanism 2 uptake, which may or may not be saturable (2) (3) (4) 20) , attains prominence in the concentration range above -1 mM.
Our findings that high-affinity K+ Recently we showed (6) that mechanism 1 K+ uptake-i.e., accumulation from external potassium concentrations less than =500 CM-cannot be effected by the membrane potential and is directly energized, confirming carrier involvement as originally proposed on the basis of saturating behavior (2) and later on the basis of specific inhibitors (20) .
Using cortical and epidermal protoplasts, I/V characteristics of the prospective transporter were obtained by subtracting control data (no substrate) from data with micromolar substrate. Keeping external K+ at micromolar levels ensures (i) that inward K+ currents have to be energized, in other words, where inward current is observed this cannot be mediated by ion-channels, and (ii) that, even at extreme negative potentials where the membrane potential becomes negative of EK+, channel-mediated current will be negligible since channel conductance is highly K+ concentrationdependent (22) . Therefore, Al/V data must be ascribed to an energized, high-affinity, K+ However, studies using ion-selective electrodes (10) have shown that this coupling of fluxes is weak, particularly at micromolar external K+, and that the coupling ratio is not a fixed integer. Additionally, electrogenic influx oftwo charges through the H+:K+ symporter characterized in the present study would have to be compensated for. In most conditions this is likely to occur through increased H+-ATPase activity. In this way two protons are exchanged for one proton plus a K+ ion, leading to an apparent 1:1 H+ K+ exchange (19) .
The presence of H+:K+ symport at the plasma membrane of A. thaliana yields an energetic mechanism that would be competent to accumulate cytosolic K+ to stable levels of 80 mM (6) even from solutions where [K+lo is a few micromolar.
Thus, at pHo = 6.0, a resting membrane potential of -150 mV (6) , and a cytosolic pH of 7.5, the transport system is energetically competent to generate an accumulation ratio for K+ exceeding 4 x 106. This is well within reported accumulation ratios, which range from around 103 to 2.5 X 104 (19 (25) .
In conclusion, we believe that by using an electrophysiological approach at the single cell level, our data confirm the long-standing hypothesis that mechanism 1 K+ uptake is directly energized and carrier mediated. More specifically, we present strong evidence that energization is achieved by the plasma membrane proton gradient via a 1:1 symport mechanism: this energization is sufficient to account for all observed K+ accumulation ratios.
Note Added in Proof. Schachtman and Schroeder (26) , by using a molecular approach, have reached similar conclusions regarding the mechanism of high-affinity K+ uptake. On the basis of expression studies in Xenopus oocytes of a wheat root high-affinity K+ uptake system, it was concluded that a 1:1 K+:H+ symport with a micromolar Km for K+ constitutes the mechanism 1 transporter.
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